Modern humans arrived in Europe ~45,000 years ago, but little is known about their genetic composition before the start of farming ~8,500 years ago. We analyze genome-wide data from 51 Eurasians from ~45,000-7,000 years ago. Over this time, the proportion of Neanderthal DNA decreased from 3-6% to around 2%, consistent with natural selection against Neanderthal variants in modern humans. Whereas the earliest modern humans in Europe did not contribute substantially to present-day Europeans, all individuals between ~37,000 and ~14,000 years ago descended from a single founder population which forms part of the ancestry of present-day Europeans. A ~35,000 year old individual from northwest Europe represents an early branch of this founder population which was then displaced across a broad region, before reappearing in southwest Europe during the Ice Age ~19,000 years ago. During the major warming period after ~14,000 years ago, a new genetic component related to present-day Near Easterners appears in Europe. These results document how population turnover and migration have been recurring themes of European prehistory.
Ancient DNA data
We extracted DNA from human remains in dedicated clean rooms 5 , and transformed the extracts into Illumina sequencing libraries [6] [7] [8] . A major challenge in ancient DNA research is that the vast majority of the DNA extracted from most specimens is of microbial origin, making random shotgun sequencing prohibitively expensive. We addressed this problem by enriching the libraries for between 390,000 and 3.7 million single nucleotide polymorphisms (SNPs) in the nuclear genome via hybridizing to pools of previously synthesized 52-basepair oligonucleotide probes targeting these positions (this strategy makes it possible to generate genome-wide data from samples with high percentages of microbial DNA that are not practical to study by shotgun sequencing) 3, 9 . We sequenced the isolated DNA fragments from both ends, and mapped the consensus sequences to the human genome (hg19), retaining fragments that overlapped the targeted SNPs. After removing fragments with identical start and end positions to eliminate duplicates produced during library amplification, we chose one fragment at random to represent each individual at each SNP.
Contamination from present-day human DNA is a danger in ancient DNA research. To address this we took advantage of three characteristic features of ancient DNA (Supplementary Information section 2). First, for an uncontaminated specimen, we expect only a single mitochondrial DNA sequence to be present, allowing us to detect contamination as a mixture of mitochondrial sequences. Second, because males carry a single X chromosome, we can detect contamination in male specimens as polymorphisms on chromosome X 10 . Third, cytosines at the ends of genuine ancient DNA molecules are often deaminated, resulting in apparent cytosine to thymine substitutions 11 . Thus, restricting analysis to molecules with evidence of such deamination filters out the great majority of contaminating molecules 12 . For libraries from males with evidence of mitochondrial DNA contamination or X chromosomal contamination estimates >2.5%-as well as for all libraries from females-we restricted the analyses to sequences with evidence of cytosine deamination (Supplementary Information section 2). After merging libraries from the same individual and limiting to individuals with >4,000 targeted SNPs covered at least once, 38 individuals remained, which we merged with newly generated shotgun sequencing data from the Karelia individual 9 (2.0-fold coverage), and published data from ancient [2] [3] [4] 7, [13] [14] [15] [16] [17] [18] [19] and present-day humans 20 . The final dataset includes 51 ancient modern humans, of which 16 had at least 790,000 SNPs covered ( Figure 1 ; Table 1 ; Extended Data Table 1 ).
Natural selection has reduced Neanderthal ancestry over the last 45,000 years
We used two previously published statistics 3, 7, 21 to ask if the proportion of Neanderthal ancestry in Eurasians changed over the last 45,000 years. Whereas on the order of 2% of present-day Eurasian DNA is of Neanderthal origin (Extended Data Table 2 ), the ancient modern human genomes carry significantly more Neanderthal DNA ( Figure 2 ) (P≪10 −12 ) . Using one statistic, we estimate a decline from 4.3-5.7% from a time shortly after introgression to 1.1-2.2% in Eurasians today ( Figure 2 ). Using the other statistic, we estimate a decline from 3.2-4.2% to 1.8-2.3% (Extended Data Figure 1 , Extended Data Table 3 ). Because all the European samples we analyzed dating to between 37,000 and 14,000 years ago are consistent with descent from a single founding population, admixture with populations with lower Neanderthal ancestry cannot explain the steady decrease in Neanderthal-derived DNA that we detect during this period, showing that natural selection against Neanderthal DNA must have driven this phenomenon ( Figure 2 ). We also obtain an independent line of evidence for selection from our observation that the decrease in Neanderthal-derived alleles is more marked near genes than in less constrained regions of the genome (P=0.010) (Supplementary Information section 3; Extended Data Table 3 ) [22] [23] [24] [25] .
Y chromosomes, mitochondrial DNA and phenotypically important mutations
We used the proportion of sequences mapping to the Y chromosome to infer sex (Extended Data Table 4 ; Supplementary Information section 4), and determined Y chromosome haplogroups for the males. We were surprised to find haplogroup R1b in the ~14,000-yearold Villabruna individual from Italy. While the predominance of R1b in western Europe today is owes its origin to Bronze Age migrations from the eastern European steppe 9 , its presence in Villabruna and in a ~7,000-year-old farmer from Iberia 9 document a deeper history of this haplotype in more western parts of Europe. Additional evidence of an early link between west and east comes from the HERC2 locus, where a derived allele that is the primary driver of light eye color in Europeans appears nearly simultaneously in specimens from Italy and the Caucasus ~14,000-13,000 years ago. Extended Data Table 5 presents results for additional alleles of known phenotypic importance. When analyzing the mitochondrial genomes we note the presence of haplogroup M in a ~27,000-year-old individual from southern Italy (Ostuni1) in agreement with the observation that this haplogroup, which today occurs in Asia and is absent in Europe, was present in pre-Last Glacial Maximum Europe and became lost during the Ice Age 26 . We also find that the ~33,000 year old Muierii2 from Romania carries a basal version of haplogroup U6, in agreement with the hypothesis that the presence of derived versions of this haplogroup in North Africans today is due to back-migration from western Eurasia 27 .
Genetic clustering of the ancient specimens
This dataset provides an unprecedented opportunity to study the population history of Upper Paleolithic Europe over more than 30,000 years. In order to not prejudice any association between genetic and archaeological groupings among the individuals studied, we first allowed the genetic data alone to drive the groupings of the specimens and only afterward examined their associations with archaeological cultural complexes. We began by computing f3-statistics 14 of the form f3(X, Y; Mbuti), which measure shared genetic drift between a pair of ancient individuals after divergence from an outgroup (here Mbuti from sub-Saharan Africa), which allowed us to observe clear clusters of samples ( Figure 3A ; Extended Data Figure 2 ). Through Multi-Dimensional Scaling (MDS) analysis of this matrix ( Figure 3B ), as well as through D-statistic analyses 28 (Supplementary Information section 5), we identified five clusters of individuals with substantial shared genetic drift, which we name after the oldest individual with >1.0-fold coverage in each cluster (Supplementary Information section 5; Table 1; Extended Data Table 1 ). In contrast, we were not able to identify clear structure among these samples based on model-based clustering 29, 30 , which may reflect the fact that many of the samples are so ancient that present-day patterns of human variation are not very relevant to understanding their patterns of genetic differentiation 4, 13 . The "Vestonice Cluster" is composed of 14 pre-Ice Age individuals from 34,000-26,000 years ago, who are all associated with the archaeologically defined Gravettian culture. The "Mal'ta Cluster" is composed of three individuals from the Glacial Maximum 24,000-17,000 years ago from the Lake Baikal region of Siberia. The "El Mirón Cluster" is composed of 6 Late Glacial individuals from 19,000-14,000 years ago, who are all associated with the Magdalenian culture. The "Villabruna Cluster" is composed of 13 post-Ice Age individuals from 14,000-7,000 years ago, associated with the Azilian, Epipaleolithic and Mesolithic cultures. The "Satsurblia Cluster" is composed of two individuals from 13,000-10,000 years ago from the northern Caucasus 2 . There were ten samples that we did not assign to any cluster, either because of evidence of representing distinct early lineages, (Ust'-Ishim, Oase1, Kostenki14, GoyetQ116-1, Muierii2, Cioclovina1, Kostenki12), or because they were admixed between major clusters (Karelia or Motala12), or of very different ancestry (Stuttgart). To classify the ancestry of additional low coverage samples, we built an admixture graph that fits the allele frequency correlation patterns among high coverage samples 28 (Supplementary Information section 6; Figure 4a ). We fit each low coverage sample into the graph in turn, including all fragments from every individual rather than just ones with evidence of cytosine deamination, accounting for contamination bias by modeling (Supplementary Information section 7) .
A single founding population during most of the Upper Paleolithic period in Europe
Prior to this work, the most ambitious genetic analysis of early modern humans in Europe was based on the ~37,000-year-old Kostenki14 4 . That analysis suggested that the population to which Kostenki14 belonged harbored within it the three major lineages that exist in mixed form in Europe today 15 : (1) a lineage related to all later pre-Neolithic Europeans, (2) a "Basal Eurasian" lineage that split from the ancestors of Europeans and East Asians before they separated from each other; and (3) Information section 9) . A corollary of this finding is that the widespread presence of Mal'ta1-related ancestry in present-day Europeans 15 is due to migrations from the Eurasian steppe in the Neolithic and Bronze Age periods 9 ; it is not due to population structure within pre-Neolithic Europe as proposed in the initial analysis of the Kostenki14 genome 4 .
Resurgence of an early branching European lineage during the Last Glacial

Maximum
Among the newly reported individuals, GoyetQ116-1 from present-day Belgium is the oldest at ~35,000 years ago. It is similar to the ~37,000 year old Kostenki14 and all later samples in that it shares more alleles with present-day Europeans (e.g. French) than with East Asians (e.g. Han). In contrast, Ust'-Ishim and Oase1, which predate GoyetQ116-1 and Kostenki14, do not show any distinctive affinity to later Europeans (Extended Data Table 6 ).
Thus, from at least about 37,000 years ago, populations in Europe shared at least some ancestry with present Europeans. However, GoyetQ116-1 differs from Kostenki14 and from all individuals of the succeeding Vestonice Cluster in that both f3-statistics ( Figure  4b shows that it is consistent with zero (|Z|<3) for nearly all individuals dating to between about 37,000 and 14,000 years ago. However, beginning with the Villabruna Cluster, it becomes highly significantly negative in comparisons where the non-European population (Y) is Near Easterners (Figure 4b ; Extended Data Figure 3 ; Supplementary Information section 11). This must reflect gene flow into the Villabruna Cluster from a population related to present-day Near Easterners rather than gene flow in the reverse direction, because we do not see similar patterns in earlier Europeans although they share substantial amounts of their ancestry with the Villabruna Cluster ( Figure 4b ). The "Satsurblia Cluster" individuals from the Caucasus dating to ~13,000-10,000 years ago 2 share more alleles with the Villabruna Cluster individuals than they do with earlier Europeans, indicating that they are related to the population that contributed new alleles to people in the Villabruna Cluster, although they cannot be the direct source of the gene flow, among other reasons because they have large amounts of Basal Eurasian ancestry while Villabruna Cluster individuals do not 2 (Supplementary Information section 12; Extended Data Figure 4 ). One possible explanation for the sudden drawing together of the ancestry of Europe and the Near East at this time is long-distance migrations from the Near East into Europe. However, a plausible alternative is population structure, whereby Upper Paleolithic Europe harbored multiple groups that differed in their relationship to the Near East, with the balance shifting among groups as a result of demographic changes after the Ice Age.
The Villabruna Cluster includes the largest group of samples in this study. This allows us to study heterogeneity within this cluster (Supplementary Information section 13). First, we detect differences in the degree of allele sharing with members of the El Mirón Cluster, as revealed by significant statistics of the form D(Test1, Test2; El Mirón Cluster, Mbuti).
Second, we detect an excess of allele sharing with East Asians in a subset of Villabruna Cluster individuals -beginning with a ~13,000 year old sample from Switzerland -as revealed by significant statistics of the form D(Test1, Test2; Han, Mbuti) ( Figure 4b and Extended Data Figure 3 ). For example, Han Chinese share more alleles with two Villabruna Cluster individuals (Loschbour and LaBrana1) than they do with Kostenki14, as reflected in significantly negative statistics of the form D(Kostenki14, Loschbour/LaBrana1; Han, Mbuti) 4 . This statistic was originally interpreted as evidence of Basal Eurasian ancestry in Kostenki14. However, because this statistic is consistent with zero when Han is replaced with Ust'-Ishim, these findings cannot be driven by Basal Eurasian ancestry (as we also discuss above), and must instead be driven by gene flow between populations related to East Asians and the ancestors of some Europeans (Supplementary Information section 8).
Conclusions
We have shown that the population history of pre-Neolithic Europe was complex in several respects. First, at least some of the initial modern humans to appear in Europe, exemplified by Ust'-Ishim and Oase1, failed to contribute appreciably to the current European gene pool.
Only from around 37,000 years ago do all the European individuals analyzed share ancestry with present-day Europeans 3 . Second, from the time of Kostenki14 about 37,000 years ago until the time of the Villabruna Cluster about 14,000 years ago, all individuals seem to derive from a single ancestral population with no evidence of substantial genetic influx from elsewhere. It is interesting that during this time, the Mal'ta Cluster is not represented in any of the individuals we sampled from Europe. Thus, while individuals assigned to the Gravettian cultural complex in Europe are associated with the Vestonice Cluster, there is no genetic connection between them and the Mal'ta1 individual in Siberia despite the fact that Venus figurines are associated with both. This suggests that if this similarity is not a coincidence 32 , it reflects diffusion of ideas rather than movements of people. Third, we find that GoyetQ116-1 derives from a different deep branch of the European founder population than the Vestonice Cluster which became predominant in many places in Europe between 34,000 and 26,000 years ago including at Goyet Cave. GoyetQ116-1 is chronologically associated with the Aurignacian cultural complex. Thus, the subsequent spread of the Vestonice Cluster, which is associated with the Gravettian cultural complex, shows that the spread of the latter culture was mediated at least in part by population movements. Fourth, the population represented by GoyetQ116-1 did not disappear, as its descendants became widespread again after ~19,000 years ago in the El Mirón Cluster when we detect them in Iberia. The El Mirón Cluster is associated with the Magdalenian culture and may represent a post-ice age expansion from southwestern European refugia 33 . Fifth, beginning with the Villabruna Cluster at least ~14,000 years ago, all European individuals analyzed show an affinity to the Near East. This correlates in time to the Bølling-Allerød interstadial, the first significant warming period after the Ice Age 34 . Archaeologically, it correlates with cultural transitions within the Epigravettian in Southern Europe 35 and the Magdalenian-to-Azilian transition in Western Europe 36 . Thus, the appearance of the Villabruna Cluster may reflect migrations or population shifts within Europe at the end of the Ice Age, an observation that is also consistent with the evidence of turnover of mitochondrial DNA sequences at this time 26, 37 
Extended Data
Extended Data Figure 1 . A decrease in Neanderthal ancestry in the last 45,000 years This is similar to Figure 2 , except we use ancestry estimates from rates of alleles matching to Neanderthal rather than f 4 -ratios, as described in Supplementary Information section 3) . The least squares fit excludes Oase1 (as an outlier with recent Neanderthal ancestry) and Europeans (known to have reduce Neanderthal ancestry). The regression slope is significantly negative (P=0.00004, Extended Data Table 3 ). We analyze only samples with at least 30,000 SNPs covered at least once, which pass our quality control. proportions are given along the dotted lines. All three models provide an fit to the allele frequency correlation data among Mbuti, UstIshim, Kostenki14, Vestonice16, Malta1, ElMiron and Satsurblia to within the limits of our resolution, in the sense that all empirical f 2 -, f 3 -and f 4 -statistics relating the samples are within three standard errors of the expectation of the model. Models in which Satsurblia is modeled as unadmixed cannot be fit. Table 1 The 51 ancient modern humans analyzed in this study Extended Data Table 3 Significant correlation of Neanderthal ancestry estimate with specimen age 
Ancestry informative SNPs
Core Extended Data Table 5 Allele counts at SNPs thought to be affected by selection in samples that have at least 1.0-fold coverage.rs4988235 is responsible for lactase persistence in Europe 59, 60 . The SNPs at SLC24A5 and SLC45A2 are responsible for light skin pigmentation. The SNP at EDAR 61, 62 affects tooth morphology and hair thickness. The SNP at HERC2 63, 64 is the primary determinant of light eye color in present-day Europeans. We present the fraction of fragments overlapping each SNP that are derived; the observation of a low rate of derived alleles does not prove that the individual carried the allele, and instead may reflect sequencing error or ancient DNA damage. We highlight in light gray sites that we judge (based on the derived allele count) are likely to be heterozygous for the derived allele, and in dark gray sites that are likely to be homozygous.
LCT SLC45A2 SLC24A5 EDAR HERC2
SNP rs4988235 rs16891982 rs1426654 rs3827760 rs12913832 Each bar corresponds to a sample, the color code designates the genetically defined sample cluster, and the height is proportional to sample age (the background grid shows a projection of longitude against sample age). To help in visualization, we add jitter for sites with multiple samples from nearby locations. Four samples that are from Siberia are plotted at the far eastern edge of the map. Plot of radiocarbon date against Neanderthal ancestry for samples with at least >200,000 SNPs covered, along with present-day Eurasians (standard errors are from a Block Jackknife). The least squares fit (gray) excludes the data from Oase1 (an outlier with recent
Neanderthal ancestry) and three present-day European populations (known to have less Neanderthal ancestry than East Asians). The slope is significantly negative for all eleven subsets of samples we analyzed (10 −29 <P<10 −11 based on a Block Jackknife) (Extended Data Table 3 ). below zero are indicated with filled symbols (we restricted to individuals with >50,000 SNPs). We observe an affinity to Near Easterners beginning with the Villabruna Cluster, and another to East Asians that affects a subset of the Villabruna Cluster.
